We report the observation of g-factors of natural paramagnetic impurities in a pure synthetic quartz crystal at milli-Kelvin temperatures. Measurements are made by performing spectroscopy using multiple high-Q Whispering Gallery Modes sustained in the crystal. Extreme sensitivity of the method at low temperatures allows the determination of natural residual impurities introduced during the crystal growth. We observe g-factors that significantly differ from integer multiples of the electron g-factor in vacuum, and with values of up to 7.6, which reveals much stronger coupling between impurities and the crystal lattice than in previous studies. Both substitutional and interstitial ions are proposed as candidates for the observed interactions.
We report the observation of g-factors of natural paramagnetic impurities in a pure synthetic quartz crystal at milli-Kelvin temperatures. Measurements are made by performing spectroscopy using multiple high-Q Whispering Gallery Modes sustained in the crystal. Extreme sensitivity of the method at low temperatures allows the determination of natural residual impurities introduced during the crystal growth. We observe g-factors that significantly differ from integer multiples of the electron g-factor in vacuum, and with values of up to 7.6, which reveals much stronger coupling between impurities and the crystal lattice than in previous studies. Both substitutional and interstitial ions are proposed as candidates for the observed interactions.
Crystalline quartz is very important material extensively used in different areas of science and technology including optics, acoustics and device physics. In particular, unprecedented acoustic quality factors both at liquid helium and milli-Kelvin temperatures have been recently demonstrated [1] [2] [3] . To further progress these areas, ultra-pure materials are required, which depend on efficient refining and identification of residual impurities. These impurities are believed to be responsible for limitations in quality factors 4 and generation of the flicker noise as well as nonlinear effects at low temperatures 5 . In addition to applications of quartz itself, this material serves as a case study for understanding different defects in other silica-based materials.
Quartz is one of the most widely used materials due to its exceptional purity. This originates in the stable atomic configuration, which allows only few elements from the periodic table to be present in the quartz crystalline structure as an impurity 6 . Nevertheless, the Electron Paramagnetic Resonance (EPR) studies of this material are relatively easy due to the very narrow linewidths which increase the method sensitivity. Very narrow linewidths are explained by the fact that none of the host constitutive nuclei (most abundent isotopes) have a spin moment 7 . This makes quartz crystal a good candidate as a host material for Cavity Quantum Electrodynamics experiments, which interact spin ensemble impurities to microwave frequency photons 8, 9 . The imperfection of quartz crystals are related to substitutional and interstitial impurity ions (Al, H, Cu, Ag, Ge, P, Ti, Fe, etc) as well as vacancy centres (E ) associated with oxygen ions missing in the crystal structure. Trivalent substitutional ions such as Al 3+ , Fe 3+ , Ge
3+
and Ti 3+ are typically accompanied by monovalent impurity ions, such as H + , Li + , Na + , which are interstitially positioned in the crystal as charge compensators. There is a large number of experimental and theoretical studies dedicated to different representatives of these impurities and corresponding bonds 6, 7, 10 . Quartz has been extensively studied in optical a) Electronic mail: maxim.goryachev@uwa.edu.au domain using various methods such as Infrared Spectroscopy, dielectric relaxation spectroscopy and thermoluminesence 11 , etc. In contrast, microwave spectroscopy has been limited mostly to studies of natural quartz for geological purposes or intensionally doped or irradiated synthetic samples. Thus, more sophisticated research of synthetic quartz properties at microwave frequencies is required. In this paper, we demonstrate results of synthetic pure quartz spectroscopy in X and Ku bands (8 − 22 GHz) and at milli-Kelvin temperatures.
The microwave spectroscopy has been performed using Whispering Gallery Modes (WGM) of a cylindrical shaped crystal. Due to non-negligible coupling to paramagnetic imperfections, microwave photons of such modes exhibit interaction with certain transitions of ion impurities or possibly other paramagnetic centres in a real crystal. As an effect of this coupling, WGMs exhibit considerable broadening, frequency shift or total disappearance when a transition energy of some impurity is tuned to a photon energy. The interaction is clear at low temperatures when the population of higher energy states is lower. By sweeping a DC magnetic field along the quartz cylinder symmetry axis, impurity transition energies change due to the Zeeman effect allowing observations of multiple interactions between matter and field. This spectroscopic approach has been already applied to ultra-pure sapphire crystals 12 where naturally occurring ions of Fe 3+ , Cr 3+ and V 2+ are identified with good agreement with theoretical predictions.
The crystal under study is undoped crystalline quartz cylinder with the diameter of 49.9 mm and height of 29.4 mm. The central hole of the 4mm diameter is used to suspend the crystal with an oxygen-free copper post. The crystal has a seed plane normal to the cylinder axis at its centre. Since the crystal under study is undoped, only naturally occurring impurities are present.
The quartz cylinder is cooled down to 65 mK with a dilution refrigeration system inside a superconducting coil magnet. The cylinder is connected to the 20mK stage of the cryocooler via an oxygen-free copper rod. The crystal does not have a dedicated cavity, so that it is covered with a shield attached to the 100 mK stage.
The main limiting factor of this spectroscopic approach arXiv:1312.3690v1 [cond-mat.mtrl-sci] 13 Dec 2013
is the bandwidths of WGMs. The higher the quality factors of electromagnetic modes, the lower the impurity concentrations that could be detected. Although crystalline quartz exhibits significantly higher dielectric losses in the microwave region at low temperatures 13,14 than sapphire, the achieved quality factors of WGMs are sufficient to observed a number of interactions between these modes and various impurities. The typical values of quality factors of excited WGM are of the order of 10 5 with a maximum Q of 2 · 10 6 at 20.15 GHz. The results of actual measurements are presented as density plots depicting transmission through the crystal as a function of frequency and external magnetic field. An example of interactions between a crystal WGM and paramagnetic impurities is shown in Fig. 1 . The bright line at zero detuning frequency, the WGM, has field dependence only at certain values of the field corresponding to energies of some impurity transitions. A collection of WGMs gives a map of interactions in the frequency-field axes shown in Fig. 2 Fig. 1 . The dashed line denotes a WGM shown in Fig. 1 . Solid lines, fitted dependencies of transition energies on magnetic field, reveal the Zeeman effect for a certain impurity. These lines are used to identify corresponding g-factors assuming energy levels belong to the electron. Application of the external magnetic field in the opposite direction (negative field) leads to a symmetric picture around the field-axis B = 0.
. This figure demonstrates interactions denoted as (A)-(D) in
Interpretations of the experimental results are given in Table. I. The observed Zeeman-lines are attributed to three paramagnetic ions that are the natural impurities in the synthetic quartz crystals. Firstly, line (a) could be attributed to either lithium or nitrogen for which a hyperfine-like structure is observed (see transition (A) in Fig. 1 ). This structure is shown in Fig. 3 demonstrating three absorption dips. Such three-level system implies that the nuclear spin number of the corresponding impurity ion to be I = 1. The only two stable isotopes with such nuclear spin are 14 N and 6 Li. 6 Li (7.6% natural abundance) and 7 Li (92% natural abundance) are the most suitable candidates. Another argument in favour of these interstitial ions is relatively low zero field splitting originating in week coupling to the crystal lattice.
Secondly, (b)-(d) form a transition structure that is typical for ions with electron spin S ≥ 3 2 (transitions involving higher order states could be out of the observable range) and nuclear spin I = 0, such as Fe 3+ , Cr 3+ ions 12 .
ESR of Fe
3+ ions have been observed in synthetic brown quartz 15, 16 as well as studied in intentionally doped α-quartz 17 . The most common substitutional impurity of quartz, Aluminium, also has suitable electron spin S = 2 ) suggests the existence of hyperfine splitting that is not observed experimentally.
Thirdly, line (e) has the almost same slope as line (d) that correspond to a two-photon transition of a previously-discussed ion with S ≥ Table I . 18 . Another explanation for line (e) is that the double line structure arises from substitution of Oxygen on two different cites with I = 0 impurity ion.
Regardless of the above discussion, all Zeeman lines demonstrate anomalous values of electron g-factors. Indeed, all experimentally identified g-factors varying from 4.7 to 8.5% and are significantly different from the closest integer multiple of the electron g-factor in vacuum. Typically such discrepancies do not exceed 1% 6 . The values of g-factors observed in this work has been never reported by any of theoretical or experimental studies except for Cu 2+ (g ≈ 2.021-2.7) and Ni + (g ≈ 2.088-2.787) centres in specially prepared quartz 19 . Although neither of these two impurities fit into the observations seen here as the associated electron and nuclear spin numbers are different. The difference from the electron g-factor is caused by much stronger influence of the crystal lattice field on the paramagnetic impurities. The study also reveals a paramagnetic impurity with extremely large g-factor of 7.612. These values should correspond to one photon transition since the observed interactions are extremely strong. The present study demonstrates new experimental observations of g-factors in synthetic quartz spectroscopy. These results have not been predicted by any of the theoretical studies. The uniqueness of the experiment is in the extreme sensitivity of the method allowing to discover new phenomena in pure crystals at extreme low temperatures.
